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Muscarinic Modulation of Sodium Current
by Activation of Protein Kinase C
in Rat Hippocampal Neurons
Angela R. Cantrell, Jenny Y. Ma, (Dascal and Lotan, 1991). For a subunits expressed in
Todd Scheuer, and William A. Catterall CHO cells, activation of PKC also causes a slowing of
Department of Pharmacology the macroscopic rate of inactivation (Numann et al.,
University of Washington 1991). Both the slowing and reduction of the Na1 current
Seattle, Washington 98195±7280 are blocked by mutation of a single serine in the intracel-
lular loop between homologous domains III and IV (West
et al., 1991). However, no neurotransmitter receptor has
Summary been identified that activates PKC and causes modula-
tion of neuronal Na1 channel activity.
Phosphorylation of brain Na1 channels by protein ki- There have been five muscarinic receptor subtypes
nase C (PKC) decreases peak Na1 current and slows (m1-m5) identified through molecular cloning (Kubo et
macroscopic inactivation, but receptor-activated al., 1988; Bonner et al., 1987, 1988; Laio et al., 1989). All
modulation of Na1 currents via the PKC pathway has are expressed in the hippocampus, and three of these,
not been demonstrated. We have examined modula- subtypes m1, m3, and m5, can increase protein kinase C
tionof Na1 channelsby activationof muscarinicrecep- activity via phosphoinositide metabolism (Hulme, 1990;
tors in acutely-isolated hippocampal neurons using Nathanson, 1987). The hippocampus receives rich cho-
whole-cell voltage-clamp recording.Application of the linergic innervation from basal forebrain cholinergicneu-
muscarinic agonist carbachol reduced peak Na1 cur- rons residing in the medial septum (Frotscher and Ler-
rent and slowed macroscopic inactivation at all poten- anth, 1985; Price et al., 1993) and effects of acetylcholine
tials, without changing the voltage-dependent proper- in the hippocampus are mediated primarily by musca-
ties of the channel. These effects were mediated by rinic receptors (McKinney and Richelson, 1984; Nicoll,
PKC, since they were eliminated when the specific 1985; see Krnjevic, 1993, for review). Thus, muscarinic
PKC inhibitor (PKCI19±36) was included in the pipette receptors are good candidates for neurotransmitter re-
solution and mimicked by the extracellular application ceptors that might modulate Na1 currents by production
of the PKC activator, OAG. Thus, activation of endoge- of diacylglycerol and activation of PKC followed by di-
nous muscarinic receptors on hippocampal neurons rect phosphorylation of the Na1 channel a subunit.
strongly modulates Na1 channel activity by activation We have examined muscarinic modulation of Na1 cur-
ofPKC. Cholinergic input frombasal forebrain neurons rents in acutely isolated pyramidal neurons from the rat
may have this effect in the hippocampus in vivo. hippocampus. Activation of muscarinic receptors re-
versibly reduces peak Na1 current and slows macro-
Introduction scopic inactivation. These effects of muscarinic stim-
ulation require the activation of PKC, as they were
Na1 current is responsible for initiation and propagation eliminated in the presence of the PKC-specific inhibitor
of the action potential in neurons, and is an important PKCI19±36 and were mimicked by extracellular application
regulator of neuronal excitability in the hippocampus. of the membrane permeant PKC activator, OAG. This
In addition to action potential generation, Na1 influx is work demonstrates the direct modulation of Na1 current
thought to be involved in the generation of pacemaker by phosphorylation owing to activation of a neurotrans-
and subthreshold depolarizations that may promote re- mitter receptor.
petitive neuronal firing and ultimately modulate synaptic
inputs (Taylor and Dudek, 1982, 1984; Jeffreys and Hass,
Results1982; Konnerth et al., 1984; Hille, 1992; Hoehn et al.,
1993). Despite its important role in the regulation of
Modulation of Na1 Current in Hippocampalexcitability, Na1 current is not often recognized as a
Neurons by Muscarinic Receptor Activationtarget for modulation by neurotransmitters, even though
To examine modulation of Na1 currents in hippocampalsuch modulation would have profound effects on the
neurons by muscarinic receptor activation, solutionsfunctional properties of central neurons.
were used that blocked all other voltage-dependent cur-Rat brain Na1 channels are heterotrimeric proteins
rents. Under these recording conditions, all of the re-consisting of an a subunit (260 kDa), a noncovalently
maining voltage-dependent current was blocked by theattached b1 subunit (36 kDa), and a disulfide-linked b2
Na1 channel blocker, tetrodotoxin (see Figure 5). Appli-subunit (33 kDa) (see Catterall, 1992, for review). The a
cation of the muscarinic agonist, carbachol (Cb), rapidlysubunit is the principal structural and functional unit of
inhibited the whole-cell Na1 current (Figure 1). A similarthe Na1 channel (Catterall, 1992), and is phosphorylated
reduction in current was observed in 85% of the cellsby protein kinase C (PKC; Costa and Catterall, 1984).
tested (n 5 33). In the responding cells, saturating con-Activation of PKC reduces Na1 currents induced by ex-
centrations of Cb (50 mM) reduced Na1 current an aver-pression of rat brain mRNA in Xenopus oocytes (Sigel
age of 29.8% 6 2.5% (n 5 28). The magnitude of theand Baur, 1988) and in cultured rat brain neurons (Nu-
response varied from cell to cell as indicated by themann et al., 1991). Activation of PKC has a similar effect
box plot in Figure 1B (inset). Carbachol effects wereon Na1 currents, due to expression of only the rat brain
concentration-dependent (Figure 2). Carbachol dose-type IIANa1 channel a subunit in Chinese Hamster Ovary
(CHO) cells (Numann et al., 1991) or in Xenopus oocytes response plots were fit with a single Langmuir isotherm
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Figure 1. Muscarinic Agonists Reduce
Whole Cell Na1 Current
(A) The absolute value of peak inward Na1
current is plotted as a function of time during
the experiment. The cell was exposed to car-
bachol (20 mM, Cb) by rapid perfusion during
the period indicated by the solid bar. Test
pulses to 220 mV were applied once every 2
s from a holding potential of 275 mV. The
same pulse protocol was used in subsequent
figures, unless otherwise indicated.
(B) Representative current traces obtained
under control conditions (1) and in the pres-
ence of Cb (2) at the times indicated in (A).
The inset is a box plot showing the extent of
reduction in cells that responded to Cb. The
mean reduction was 29.8% 6 2.5%, with 28
of 33 cells responding.
having a mean IC50 of 9.5 6 1.3 mM (n 5 3). This value peak Na1 current was comparable for test pulses from
235 mV to 15 mV (Figures 4A±4D). The voltage depen-represents the mean of three independent dose-re-
sponse curves for Cb). Modulation by Cb was prevented dence of activation of the Na1 current was unchanged,
as illustrated by superimposable current-voltage rela-in the presence of the muscarinic receptor antagonist,
atropine (10 mM, Figure 3),but was present after atropine tionships before and afterCb (Figure4E), and the voltage
dependence of steady state inactivation was also unaf-removal, indicating that the observed effects were medi-
atedby the activation of muscarinic acetylcholine recep- fected (data not shown). The half-activation voltage in
control conditions was 235.9 6 1.2 mV (n 5 20) andtors. Similar effects of atropine were observed in five
other experiments. Thus, Cb acts at muscarinic recep- 236.8 6 1.6 mV (n 5 18) in the presence of 50 mM Cb.
The half-inactivation voltage was 245.2 6 2.5 mV intors to produce a dose-dependent reduction in tetrodo-
toxin-sensitive voltage-dependent Na1 current. control and 245.6 6 2.9 mV (n 5 6). Thus, effects of
Cb occur without dramatic alterations in the voltage-
dependent properties of the Na1 channel.Characterization of Effects of Carbachol
on Na1 Current Properties At each potential, the reduction of Na1 current was
associated with a small slowing of macroscopic Na1The Cb-induced reduction of Na1 current was not due
to shifts in voltage-dependent gating properties of the current inactivation (Figure 4F). The degree of slowing
varied between cells with an average of 22% 6 4.7%channel (Figure 4). The time course of Na1 currents was
similar before and after 20 mM Cb, and the reduction in at 220 mV. While modest, this effect was a consistent
Figure 2. Concentration-Dependence of Na1 Current Reduction by Cb
(A) Representative current traces in control and in the presence of the indicated Cb concentrations.
(B) Dose-response curve for Cb reduction in current (same cell as [A]). The solid line is a least-squares fit of a Langmuir isotherm to the data
with KI 5 7.9 mM.
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Figure 3. Atropine Block of Cb Modulation
(A) Peak Na1 current elicited as a function of time, as indicated in Figure 1. The cell was first exposed to 10 mM atropine, then to a mixture
of atropine and 100 mM Cb, and finally to Cb alone, as indicated by the bars.
(B) Representative current traces from the experiment shown in (A).
finding and is an important part of the signature of PKC PKC, PKCI19±36 (House and Kemp, 1987). When PKCI19±36
was added to the pipette solution at a concentration ofmodulation of Na1 currents.
2 mM (Swartz, 1993; Yang and Tsien, 1993) and 5±7A prominent and physiologically important feature of
min were allowed for intracellular dialysis, Cb no longerNa1 currents in central neurons is the presence of a
modulated whole-cell Na1 current in hippocampal neu-noninactivating fraction of current (Stafstrom et al.,
rons (Figure 6A). Under these conditions, Cb affected 21985; for review, see Taylor, 1993). Such sustained Na1
of 12 cells tested. In the 2 cells that responded, Na1currents were also observed in our experiments (Figure
current was reduced by only 4.0% 6 2.8%. During the5A). To determine the extent to which sustained Na1
same series of experiments, 7 of 8 cells tested re-currents were modulated by Cb, the effect of Cb on the
sponded to Cb treatment with an average Na1 currentsustained Na1 current was measured and compared
reduction of 33.2% 6 6.0% (Figure 6B). The loss ofwith modulation of the peak Na1 current in a subset of
Cb modulation was not due to loss of critical cellularneurons with large and readily measurable sustained
components during the dialysis period, since controlcurrents. In these neurons, sustained Na1 current was
experiments including a similar dialysis period gave nor-reduced by 32.5% 6 7.5%, and peak Na1 current was
mal Na1 current reductions. As a negative control forreduced by 37.4% 6 8.8% in response to 20 mM Cb
nonspecific effects of dialysis with a peptide fragment,(Figure 5B). Thus, sustained and peak Na1 currents are
these experiments were repeated using the peptide in-modulated to similar extents in response to Cb.
hibitor of PKA, PKAI5±19. When PKAI5±19 was added to the
recording solution at a concentration of 10 mM, and 5±7Muscarinic Modulation of Na1 Current Is Mediated
min were allowed for intracellular dialysis, 20 mM Cb
by Activation of Protein Kinase C reduced the whole cell sodium current an average of
Na1 channels in primary cultures of rat brain neurons 41.8% 6 4.5% (n 5 8/9; Figure 6C). During the same
and in Chinese Hamster Ovary (CHO) cells transiently series of experiments, 9 of 10 control cells tested were
transfected with type IIA Na1channel a subunits are reduced by carbachol an average of 40.3% 6 6.8%. In
modulated by activation of PKC (Numann et al., 1991). addition, dialysis with the noninhibitory analog of
In these preparations, the reduction in Na1current oc- PKC19±36 [Glu27]PKC19±36 had no effect on the ability of Cb
curred without significant shifts in the voltage-depen- to modulate the sodium current. These results indicate
dent properties of the Na1 current. It was also associated that the observed effects of the PKC inhibitor are in fact
with a slowing of macroscopic inactivation (Numann et due to the inhibition of PKC and not a nonspecific effect
al., 1991). These effects are similar to those observed of the peptide itself. Taken together, our results indicate
here for muscarinic modulation of Na1 current, and sug- that PKC activity is required for carbachol-mediated
gest that muscarinic modulation might be occurring modulation of Na1 current.
through activation of PKC. To test for the involvement Activation of PKC using the membrane-permeant PKC
of PKC in the signalling pathway mediating the effects activator, 1-oleoyl-2-acetyl-sn-glycerol (OAG) was pre-
of muscarinic receptor activation in hippocampal pyra- viously shown to reduce Na1 current in cultured rat brain
neurons and in CHO cells expressing the rat brain typemidal neurons, we have utilized the specific inhibitor of
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Figure 4. Voltage-Dependence ofMuscarinic
Effect on Na1 Currents
(A±D) Whole cell Na1 current elicited by test
pulses to the indicated potentials from 275
mV in the absence and presence of 20 mM
Cb. In each panel, the smaller current was
obtained in the presence of Cb.
(E) Current-voltage relationship for peak Na1
current in control (circles) and in the presence
of Cb (squares).
(F) Whole cell Na1 current elicited by a test
pulse to 220 mV from 275 mV in the absence
(cont) or presence of 20 mM Cb. The Cb trace
was scaled to the control trace [Cb (Norm)]
to illustrate the slowing of macroscopic inac-
tivation. The inset is a box plot illustrating the
extent of slowing of the decay of the Na1
current in cells that responded to Cb.
IIA Na1 channel (Numann et al., 1991). That effect was Discussion
blocked by PKCI19±36, indicating that it was owing to
activation of PKC and not to nonspecific effects of diac- Muscarinic Receptors Modulate Na1 Current
in Hippocampal Pyramidal Neurons via Na1ylglycerol analog (Linden and Routtenberg, 1989; Ren-
ganathan et al., 1995; Bowlby and Levitan, 1995). To Channel Phosphorylation by PKC
The present work completes the description of a path-confirm that direct activation of PKC caused similar ef-
fects on Na1 currents in adult hippocampal neurons, the way linking the muscarinic receptor on the cell surface
to direct phosphorylation of the Na1 channel by PKC.reduction of Na1 current by OAG was studied. Applica-
tion of OAG (20 mM) rapidly reduced Na1 currents in rat Earlier work from our laboratory showed that activation
of PKC in rat brain neurons and in CHO cells expressinghippocampal neurons (Figure 7). Currents were reduced
in all 8 cells treated with 20 mM OAG with a mean reduc- the rat brain type IIA a subunit slowed the macroscopic
inactivation of Na1 currents and reduced their magni-tion of 47.2% 6 5.6% and in 3 of 4 cells treated with 10
mM OAG with a mean reduction of 21.8% 6 10.5% in tude (Numann et al., 1991). This modulation was blocked
by mutation of Ser 1506 in a PKC consensus site in theresponding cells. As an additional test for the involve-
ment of PKC, the ability of OAG to occlude the effect a subunit, demonstrating that the modulation occurred
by direct phosphorylation of the Na1 channel a subunitof Cb was tested. Hippocampal neurons were first ex-
posed to saturating concentrations of OAG (50 mM), and (West et al., 1991). The present work shows that activat-
ing muscarinic receptors with Cb in acutely isolatedcurrent levels were allowed to stabilize. Cb (50 mM) was
then applied in the continued presence of OAG, and its hippocampal neurons produces modulation that is iden-
tical to that which is observed by direct activation ofability to further modulate the current was examined.
Under these conditions, Cb was unable to further modu- PKC with the diacylglycerol analog, OAG.
Activation of a neurotransmitter receptor resulting inlate the current (Figure 7C), even though Cb was shown
to robustly modulate sodium current in these cells under the PKC-dependent phosphorylation and subsequent
modulation of Na1 channels has not been previouslycontrol conditions. Taken together, these results argue
strongly for the involvement of PKC in the signalling demonstrated. In fact, there have been few reports of
any receptor-mediated modulationof Na1 channel activ-cascade utilized by muscarinic receptors to modulate
Na1 current in hippocampal neurons. ity. Activation of dopaminergic receptors modulates
Muscarinic Modulation of Na1 Current
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Figure 5. Reduction of Sustained Na1 Currents by Cb
(A) Effect of 1 mM TTX on Na1 current, indicating the current that remains at the end of the 20 ms long pulse shown here (*).
(B) Cb block of Na1 current, in a cell with a relatively large component of sustained Na1 current. The sustained current in control (*) is reduced
by Cb, as indicated by the smaller sustained current after exposure to Cb (**).
whole cell Na1 current in neostriatal neurons (Surmeier partially activated, producing tonic slowing of inctiva-
tion, and thus reducing the magnitude of the additionalet al., 1992), and is likely to have similar effects in hippo-
campal neurons. However, those effects were shown to effect on Na1 current decay observed in response to
Cb or OAG. In any case, this difference is a characteristiccouple via cAMP activation of protein kinase A. Recep-
tor-mediated modulation of Na1 currents by the peptide of the hippocampal neuron preparation as studied here,
and not owing to a difference between modulation byFMRFamide hasalso beendemonstrated inAplysia neu-
rons (Brussaard et al., 1991), but the mechanism of re- PKC and by Cb.
Single channel recordings in intact brain neurons (Nu-ceptor coupling to Na1 channel modulation is unknown.
Activation of PKC also modulates neuronal Ca21 cur- mann et al., 1991) have demonstrated that current con-
tributed by each open channel is unchanged by PKCrents (Rane et al., 1989; Swartz, 1993; Yang and Tsien,
1993). Likewise, activation of PKC is thought to be in- phosphorylation, so that the observed reduction in peak
current in these cells must result from a reduction in thevolved in receptor-mediated modulation of inward recti-
fier K1 channels (Takano et al., 1995; Wu and Wang, probability of channel opening upon depolarization. The
slowing of macroscopic inactivation results from an in-1995). Only for the neuronal Na1 channel is there strong
evidence that this modulation is mediated by direct creased lifetime of single channel activity during depo-
larization, and an increased probability of channel re-channel phosphorylation.
The effects of PKC activation on Na1 currents demon- opening following phosphorylation by PKC (Numann et
al., 1991). The intracellular loop between homologousstrated in this paper are similar to previous results using
cultured rat brain cells or expressed rat brain type IIA domains III and IV is important for Na1 channel inactiva-
tion and is thought to serve as the inactivation gateNa1 channel a subunits (Numann et al., 1991; West et
al., 1991). The only exception was the smaller extent of (West et al., 1992; Eaholtz et al., 1994). Phosphorylation
of Ser 1506 in this loop in the rat brain type IIA channelslowing of the macroscopic Na1 currents in response
to either OAG or Cb observed in the present study. This is required for modulation by PKC (West et al., 1991).
The location of Ser 1506 in this loop suggests that thedifference may result from a high basal level of PKC
activity in the hippocampal neurons. In CHO cells ex- observed slowing of inactivation may result from a direct
alteration in the function of this inactivation-gating seg-pressing rat brain type IIA a subunits (Numann et al.,
1992, Soc. Neurosci., abstract), and in MM14 muscle ment owing to the phosphorylation by PKC. Since the
type IIA Na1 channel is highly expressed in hippocampalcells (Numann et al., 1994), the slowing of Na1 current
inactivation and the reduction of peak Na1 current in neurons, it is likely that PKC exerts similar effects on
single Na1 channel properties in hippocampal pyramidalresponse to PKC activation occur over different concen-
tration ranges and may be caused by independent phos- neurons.
phorylation events. Slowing occurs at lower OAG con-
centrations than the reduction of peak Na1 current Muscarinic Receptor Subtypes
Responsible for Modulation(Numann et al., 1994). Also, mutation of a Ser in the
intracellular loop between homologous domains I and Of the five known subtypes of muscarinic receptors,
hippocampal pyramidal neurons express predominantlyII prevents the reduction in current without affecting the
slowing of current decay (Numann et al., 1992). It is the m1 receptor subtype, but also express lower densi-
ties of the m2, m3, m4, and m5 subtypes (Brann etpossible that PKC in hippocampal neurons is already
Neuron
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Figure 6. Block of Muscarinic Na1 Current
Modulation by a PKC Inhibitor
Modulation of peak Na1 current by 50 mM Cb,
using a controlpipette solution (A) or a pipette
solution containing PKC inhibitor (PKCI19±36)
(B) or PKA inhibitor (PKAI5±19) (C). Experimen-
tal procedures were as described in Figure
1A, except that Cb was applied by whole bath
perfusion, resulting in the slower time course
of modulation.
al., 1993; Levey et al., 1995). Although we have not yet tials. Thus, a stronger depolarization would be required
to elicit a response. The frequency at which the cell isdetermined which receptor subtype is responsible for
mediating the effects we observe, m1, m3, and m5 re- capable of generating action potentials might also be
reduced. In addition, the reduction in maintained Na1ceptors couple preferentially to the activation of phos-
pholipase C and subsequent activation of PKC through current demonstrated here would be expected to reduce
the duration of bursts of neuronal activity. Finally, reduc-the liberation of the second messenger diacylglycerol
(Hulme, 1990; Nathanson, 1987). Thus, it is likely that tion in peak Na1 current by PKC could serve as a protec-
tive measure to prevent excitotoxicity resulting fromthis subcategory of muscarinic receptors mediates Na1
currentmodulation. However, furtherclassification must long periods of hyperexcitability.
await the development and availability of better sub-
type-specific blockers.
Experimental Procedures
Functional Implications of Muscarinic Na1 Acute Dissociation
Channel Modulation Hippocampal neurons from adult (>25 days postnatal) male rats
were acutely isolated using standard procedures (Surmeier et al.,The hippocampus receives a rich cholinergic innervation
1991, 1992; Bargas et al., 1995; Howe and Surmeier, 1995). In brief,from neurons of the basal forebrain (Frotscher and Ler-
rats were decapitated under metofane anesthesia. Brains were thenanth, 1985; Price et al., 1993; Wainer et al., 1993). These
quickly removed, iced and blocked prior to slicing. 400±500 mmfibers synapse on pyramidal cells and dentate granule
thick slices were cut and transferred to a low calcium (100 mM),
cells, and their complex effects are mediated primarily HEPES-buffered saline solution containing 140 mM Na Isethionate,
via muscarinic receptors. Slowing of inactivation of Na1 2 mM KCl, 4 mM MgCl2, 0.1 mM CaCl2, 23 mM glucose, 15 mM
HEPES (pH57.4), 300±305 mOsm/L. Slices were then incubated forcurrents would increase theduration of the action poten-
1±6 hr in NaHCO3 buffered Earle's balanced salt solution (EBSS,tial and possibly alter the pattern of action potential
Sigma Chemical Company) bubbled with 95% O2, 5% CO2 (pH57.4),firing. Reduction of neuronal Na1 currents would be ex-
300±305 mOsm/L). Single slices were then removed into the lowpected to strongly influence the functional properties of
calcium buffer, and with the aid of a dissecting microscope, regions
the target neurons. Reduction of peak Na1 current would of hippocampus were removed and placed in a treatment chamber
be expected to shift the voltage threshold for action containing pronase type XIV (Sigma) (1.5 mg/ml) in HEPES buffered
Hank's balanced salt solution (HBSS, Sigma) at 358C (pH57.4), 300±potential generation toward more depolarized poten-
Muscarinic Modulation of Na1 Current
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internal recording solution consisted of 188.9 mM N-methyl D-glu-
camine, 40 mM HEPES, 4 mM MgCl2, 1 mM NaCl, 0.1 mM BAPTA,
25 mM phosphocreatine, 2±4 mM Na2ATP, 0.2 mM Na3GTP, and 0.1
mM leupeptin (pH57.2) with H2S04, 270±275 mOsm/L. The estimated
free intracellular Ca21 concentration in the presence of 0.1 mM
BAPTA is approximately 100 nM. The nicotinic receptor antagonist,
mecamylamine (10 mM, RBI Incorporated, Natick, MA) was added
to all solutions to block nonmuscarinic acetylcholine receptors. Car-
bachol and atropine (Calbiochem) were prepared as fresh concen-
trated stocks in water immediately prior to use. TTX (Calbiochem),
OAG (LC Laboratories), and PKCI (PKC19±36, Peninsula Laboratories)
were prepared as concentrated stocks and diluted immediately prior
to recording.
Electrode resistances were typically 3±6 MV in the bath. Final
series resistance values averaged 6±8 MV. With our typical series
resistance compensation of 80%, this correlates to a maximum
voltage error of around 7 mV. Recordings were obtained using an
Axon Instruments 1C patch clamp. Voltage-pulses were delivered
and currents recorded using a personal computer running Basic-
FASTLAB software to control an AD/DA interface (IDA, Indec Sys-
tems). Series resistance compensation (70%±80%) was routinely
employed.
Drugs were applied using a gravity-fed `sewer pipe' system. The
array of application capillaries (ca., 150 mm i.d.) was positioned a
few hundred microns away from the cell under study. Solution
changes were made by altering the position of the array with a
DC drive system controlled by a microprocessor-based controller
(Newport-Klinger Incorporated, Irvine, CA). Complete solution
changes were achieved within less than 1 s, as judged by changes
in reversal potential.
Data Analysis
Data were collectedusing standardvoltage step protocols. Conduc-
tance (g) was calculated from peak current where g(V) 5 I(V-Vrev),
where I was the current, V was the test pulse voltage, and Vrev
was the measured reversal potential. Both conductance-voltage
and inactivation-voltage curves were fit with a Boltzmann function
of the form: g(V)5gmax/{11exp[(V-V.5)/k), where V.5 was the half activa-
tion voltage,k was a slope factor andgmax was the maximum conduc-
tance. Least-squares curve fitting and statistical analysis were done
using Sigma Plot (Jandel Scientific). Statistics are presented as
means 6 sem. When the sample sizes allowed, box plots of the
data were drawn (Tukey, 1977). Mean IC50 values for carbachol were
calculated from individual IC50 values measured in three independent
experiments, like the one illustrated in Figure 2.
Figure 7. Reduction of Na1 Current by PKC Activation
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